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A new ultrahigh vacuum experiment is described to study atom and radical addition reactions in inter-
stellar ice analogues for astronomically relevant temperatures. The new setup – SURFace REaction
SImulation DEvice (SURFRESIDE2) – allows a systematic investigation of solid state pathways re-
sulting in the formation of molecules of astrophysical interest. The implementation of a double beam
line makes it possible to expose deposited ice molecules to different atoms and/or radicals sequen-
tially or at the same time. Special efforts are made to perform experiments under fully controlled
laboratory conditions, including precise atom flux determinations, in order to characterize reaction
channels quantitatively. In this way, we can compare and combine different surface reaction channels
with the aim to unravel the solid state processes at play in space. Results are constrained in situ by
means of a Fourier transform infrared spectrometer and a quadrupole mass spectrometer using re-
flection absorption infrared spectroscopy and temperature programmed desorption, respectively. The
performance of the new setup is demonstrated on the example of carbon dioxide formation by com-
paring the efficiency through two different solid state channels (CO + OH → CO2 + H and CO + O
→ CO2) for which different addition products are needed. The potential of SURFRESIDE2 to study
complex molecule formation, including nitrogen containing (prebiotic) compounds, is discussed.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816135]
I. INTRODUCTION
More than 170 different molecules, not including iso-
topes, have been identified in the space around and in be-
tween stars, i.e., the circumstellar and interstellar media. It
is commonly accepted that this chemical diversity is the out-
come of a complex interplay between reactions in the gas
phase and on icy dust grains. The latter have been identi-
fied in space and are currently the topic of dedicated labo-
ratory simulations. During the last decade, the introduction
of ultrahigh vacuum (UHV) systems has improved our under-
standing of molecule formation in the solid state for astro-
nomically relevant temperatures, introducing a new research
field: solid state astrochemistry. Fully controlled laboratory
experiments have shown that new molecules form in and on
the ices upon thermal processing; energetic processing in-
duced by vacuum UV light, X-rays, cosmic rays, and elec-
trons; and non-energetic processing like atom bombardment.
Meanwhile it has been confirmed that, except for CO that is
efficiently formed in the gas phase, the bulk of interstellar ices
(i.e., water, carbon dioxide, methanol, formaldehyde, formic
acid, ammonia) is formed in the solid phase through surface
reactions.1–16 The focus in this paper is on a new UHV setup
able to study atom and radical addition reactions in interstellar
a)Current address: Division of Geological and Planetary Sciences,
California Institute of Technology, 1200 E. California Blvd., Pasadena,
California 91125, USA. Electronic mail: ioppolo@caltech.edu
b)Electronic mail: linnartz@strw.leidenuniv.nl
ices. In recent years, the formation of a number of molecules
was proven upon CO, O2, and O3 hydrogenation, yielding
H2CO, CH3OH, H2O2, and most importantly H2O.2–6, 17–20
Also more complex species such as ethanol (CH3CH2OH)
upon ethanal hydrogenation21 and hydroxylamine (NH2OH)
following NO hydrogenation22–24 have been shown to form
in the solid state. The latter is a potentially important prebi-
otic precursor of glycine and β-alanine.25 Not only reaction
products have been determined in this way, but also the un-
derlying reaction schemes have been characterized as well as
their dependence on a number of variable parameters, such
as temperature, H-atom flux, ice morphology (mixing ratio,
thickness, and structure). It is found that the chemical pro-
cesses involved are far from trivial and this only gets more
complicated when ice mixtures are studied.9, 11, 24
The majority of these experiments have been realized us-
ing setups in which a single atom/radical source is available
for ice processing. This comes with restrictions, as reactions
are limited to one specific impacting species. A second beam
line offers much additional potential, i.e., the simultaneous or
sequential bombardment of an ice with different constituents,
for example H- and D-atoms to study isotopic effects, or H-
and O-atoms or H- and N-atoms to combine hydrogenation
with oxygenation or nitrogenation reactions, in order to grow
more and more complex molecules. The new SURFace RE-
action SImulation DEvice allows ice deposition using two de-
position lines and comprises two separate atom beam lines
for ice processing. In the following, the setup is denoted as
SURFRESIDE2. This next generation UHV setup has been
0034-6748/2013/84(7)/073112/13/$30.00 © 2013 AIP Publishing LLC84, 073112-1
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constructed with the specific aim to “unlock the chemistry of
the heavens,” by studying molecular complexity in interstellar
ice analogues upon atom/radical addition reactions.
The focus here is on a quantitative characterization of
the experimental properties of SURFRESIDE2, using a new
approach to fully characterize atom fluxes. Its performance
is demonstrated through different reactions in the ice result-
ing in CO2 formation. Solid carbon dioxide is found in rel-
atively large abundances with respect to water ice, typically
at the level of 13%–29% towards high- and low-mass stars.26
Consequently, it offers an excellent tracer to characterize the
chemical history of the interstellar medium, provided its for-
mation scheme is well understood.
II. SYSTEM DESCRIPTION
SURFRESIDE2 consists of three distinct UHV cham-
bers (Fig. 1). In the main chamber, ices are deposited with
monolayer precision and processed at astronomically relevant
temperatures. Reflection Absorption Infrared Spectroscopy
(RAIRS) and Temperature Programmed Desorption (TPD)
are used as analytical tools to characterize the ice compo-
sition. In the other chambers, different atom sources are
mounted for the controlled production of well characterized
atom (molecular) beams. Shutters separate the beam line
chambers from the main chamber and allow an independent
operation of the individual beam lines.
A. Main chamber
The custom-made ultrahigh vacuum 304 stainless steel
main chamber has a diameter of 30 cm and is provided with
eight lateral CF 35, two lateral CF 16, one top CF 63, and
one bottom CF 200 flange connections (#1 in Fig. 1). A gate
valve connects the bottom-flange with a 260 l/s (for N2) tur-
bomolecular pump (Pfeiffer Vacuum, TMU 261P). The CF
35 lateral flanges are used to connect the main chamber to the
two atom lines (#8 and #12 in Fig. 1), an active cold cath-
ode transmitter (Pfeiffer Vacuum, IKR270) for pressure read-
ings in the 5 × 10−11 to 0.01 mbar range, and a quadrupole
mass spectrometer (QMS; Spectra—Microvision Plus; #3 in
Fig. 1). Two CF 35 windows are used for incoming and out-
going light from a Fourier transform infrared spectrometer
(FTIR; Agilent Technologies Cary 600 Series; #4 in Fig. 1).
The two CF 16 flanges are used as inlet for a double ice
deposition dosing line (#11 in Fig. 1), while a differentially
pumped (Leybold Vacuum, TW 300) ϑ rotatable stage (0◦–
360◦) connects the top-flange to a helium closed-cycle refrig-
erator (ASR Inc.; #2 in Fig. 1).
The room temperature base pressure of the main chamber
is in the low 10−10 mbar regime. An optically flat gold-coated
copper substrate (2.5 × 2.5 cm2) is placed in the center of the
main chamber and is in thermal contact with the cold finger
of the helium closed-cycle cryostat. The gold surface is not
representative for interstellar grain surfaces, but it is an effec-
tive heat conductor, highly reflective in the mid-infrared, and
chemically inert, i.e., the substrate plays no role in catalyz-
ing chemical reactions or processes at the substrate surface.
Moreover, ice thicknesses are typically more than ten mono-
layers, reducing the role of the substrate. Therefore, it is well
suited to study interstellar relevant reaction routes that occur
on and in ice samples. The substrate temperature is varied be-
tween 12 and 300 K with a relative precision of 0.5 K through
a cryogenic temperature controller (LakeShore model 340).
To achieve temperatures as low as 12 K, an aluminum thermal
shield kept at ∼77 K surrounds the cold finger and the back-
side of the sample. The temperature of the sample is changed
and monitored by means of heating wires and thermocouples,
FIG. 1. A schematic top view of the experimental apparatus.
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respectively. The heating wires are mounted around the cold
finger close to the substrate, while the two KP-type thermo-
couples are connected above and below the gold substrate.
The absolute temperature accuracy is better than 2 K. This is
checked by monitoring the well known desorption tempera-
ture of volatile species like, for instance, CO, N2, and O2.27
An all metal high-vacuum stainless steel ice deposition
dosing line is used to prepare, store, and introduce gas mix-
tures into the main chamber. The pressure in the deposition
dosing line is monitored mass independently by means of an
active capacitance transmitter (Pfeiffer Vacuum, CMR361)
in the range between 0.1 and 1100 mbar. Lower pressures
are monitored with an active Pirani transmitter (Pfeiffer Vac-
uum, TPR280) (5 × 10−4 to 1000 mbar). The deposition dos-
ing line is first pre-pumped with a diaphragm pump (ABM,
VDE 0530) and then with a 180 l/s (for N2) turbomolecular
pump (Pfeiffer Vacuum, TPH 180H) to reach low pressures
(<5 × 10−4 mbar). Gaseous species are admitted into the
main chamber through a dosing line comprising of two sepa-
rate all-metal leak valves connected to gas reservoirs. There-
fore, different gasses can be prepared and stored in two differ-
ent sections of the dosing line and then deposited separately
or simultaneously onto the gold substrate. Deposition pro-
ceeds under an angle of 90◦ and 68◦, respectively, and with
a controllable flow between 10−8 and 10−7 mbar s−1, where
1.3 × 10−6 mbar s−1 corresponds to 1 Langmuir (L). Gas-
phase species are monitored during deposition mass spectro-
metrically by means of the QMS, which is placed behind
the substrate and mounted opposite to one of the two atom
lines.
B. Analytical tools
Ices are monitored in situ by means of RAIRS using the
FTIR, which covers the range between 4000 and 700 cm−1
(2.5–14 μm). A spectral resolution between 1 and 4 cm−1 is
generally used and between 128 and 512 scans are co-added.
The infrared beam coming from the FTIR is slowly diverging.
Therefore, a series of λ/4 precision gold-coated mirrors (Ed-
mund Optics and Thorlabs) is used to focus the beam onto the
gold substrate (#5 in Fig. 1). The first one (M1) is a spheri-
cal mirror with a diameter of 76.2 mm and an effective focal
length (EFL) of 762 mm. This mirror is used to gently con-
verge the beam. The second (M2) and the fourth mirror (M4)
are flat mirrors, while the third one (M3) is a spherical mirror
with a diameter of 75.0 mm and an EFL of 500 mm. The latter
focusses the beam onto the substrate with a glancing angle of
∼8◦. The main chamber mounts two Zinc Selenide (ZnSe) CF
35 view ports that act as a vacuum seal and allow the IR beam
to enter and leave the chamber with a transmission >95% in
the range between 4 and 20 μm. The outgoing beam is then
focussed into a narrow band and LN2 cooled Mercury Cad-
mium Telluride (MCT; #7 in Fig. 1) detector by means of a
90◦ off-axis parabolic gold-coated mirror (M5) with a diam-
eter of 50.8 mm and a reflected EFL of 50.8 mm. The exter-
nal optics and the detector are mounted in metal boxes (#6 in
Fig. 1). These boxes as well as the FTIR are purged with dry-
air to minimize atmospheric absorptions.
Two different experimental procedures are applied when
using the FTIR. During pre-deposition experiments, ices
are first deposited onto the gold substrate and subsequently
exposed to atoms. To detect newly formed stable solid
species, reflection absorption infrared (RAIR) difference
spectra (Absorbance) are acquired during atom exposure
with respect to a background spectrum of the initial deposited
ice. In co-deposition experiments, molecules and atoms are
simultaneously deposited onto the substrate. The formation
of intermediate species and final products is controlled by
changing the deposited molecule/atom ratio. In this case,
RAIR difference spectra are acquired during co-deposition
with respect to a background spectrum of the bare gold
substrate.
At the end of the atom exposure a TPD experiment can be
performed: the sample is heated linearly (i.e., with a constant
rate between 0.1 and 10 K/min) till the ice is fully desorbed.
The thermal desorption can be followed spectroscopically by
using the FTIR. Alternatively, the sample can be turned 135◦
to face the QMS. In this way, gas-phase species thermally
desorbed from the ice are monitored mass spectrometrically.
The desorbed species are recorded as a function of tempera-
ture by the QMS, which produces a signal proportional to the
number of incoming molecules as a function of their mass to
charge ratio (m/z). The incoming molecules first enter the ion
source of the QMS, where they are ionized through electron
bombardment by electrons released from a hot filament. The
resulting ions are then focussed, selected, and directed onto a
Faraday detector, which collects the ions directly, allowing the
ion current to be monitored. Alternatively, for higher sensitiv-
ity, a Channel Electron Multiplier (CEM) can be used. This
type of detector is a Secondary Electron Multiplier (SEM) in
which a large negative potential (approximately −2000 V) is
used to attract the ions into the channel entrance. The chan-
nel is coated with a material that readily releases secondary
electrons upon ion/electron impact. This produces a cascade
of electrons down to the channel which can be detected, either
as an electron current, or as a series of pulses.
TPD combined with a QMS is a sensitive technique, but
it has several disadvantages: surface reaction products that re-
main in the solid phase cannot be probed in situ; additional
surface reactions during the TPD (i.e., during the linear heat-
ing of the ice and before complete desorption of the species)
cannot be excluded; quantifying the desorbing species is not
trivial as some of the interesting species have equal (i.e.,
undistinguishable) masses and the analysis of the fractionated
components of species upon electronic bombardment is not
always straightforward. Finally, a TPD experiment inherently
involves the destruction of the ice. Therefore, QMS data are
mainly used here to constrain RAIRS data acquired during
atom exposure of the ice.
C. Data analysis
After fitting the infrared spectra with connected straight
baseline segments, the column densities (molecules cm−2)
of newly formed species can be determined from the in-
tegrated intensity of their infrared bands using a modified
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FIG. 2. The decrease in integrated absorbance of CO2 following desorption
at a constant temperature of 82 K. The arrow indicates the transition point
from the multi- to sub-monolayer regime.
Lambert-Beer equation:28
NX =
∫
A(ν)dν
SX
, (1)
where A(ν) is the integrated absorbance and SX is the corre-
sponding band strength. This equation can, however, only be
used for thin ice layers. Teolis et al.29 showed that the pro-
portionality between the optical depth and the ice abundance
breaks down for thicker layers (∼20 ML onwards); the inte-
grated band area oscillates as a function of the layer thickness
due to optical interference that is caused by the reflection at
both the film-vacuum and film-substrate interfaces.
Since literature values of transmission band strengths
cannot be used directly in reflectance measurements, an ap-
parent absorption strength of stable species has to be calcu-
lated from calibration experiments. The determination of this
apparent absorption strength is setup dependent. Therefore,
we performed a series of isothermal desorption experiments
for the new apparatus introduced here to derive these values.
Briefly, a layer of the selected ice is deposited at a temper-
ature lower than its desorption temperature. The sample is
then linearly heated to a temperature close to its desorption
value. Infrared spectra are acquired regularly until the desorp-
tion of the ice is complete. The transition from zeroth-order to
first-order desorption is assumed to occur at the onset to the
submonolayer regime and appears in the desorption curve as
a sudden change in slope (see Fig. 2). The apparent absorp-
tion strength in cm−1 ML−1 is then calculated by relating the
observed integrated area to 1 ML in the modified Lambert-
Beer equation. We estimate the uncertainty of band strengths
determined in this way to be large but within 50% (also see
Refs. 3, 17, and 30).
The determination of the band strength allows for a quan-
titative study of stable species formed upon atom exposure
of the ice. This is mostly the case in pre-deposited experi-
ments. Isothermal desorption experiments of unstable inter-
mediate species cannot be performed and therefore their band
strengths cannot be derived. Thus, a qualitative study is gen-
erally performed in co-deposition experiments where instable
species are frozen in ice matrices and then detected in the in-
frared. In this case, formation trends of detected species are
followed by integrating the corresponding band area as a func-
tion of time, i.e., without calculating column densities. As a
consequence, only formation trends of the same species ob-
tained under different experimental conditions (e.g., ice tem-
perature, atom flux, ice composition) can be compared, but
this still allows to derive valuable information on the involved
reaction network.
D. Atom beam lines
Two different atom sources are used, one (Hydrogen
Atom Beam Source (HABS)) based on thermal cracking, and
the other (Microwave Atom Source (MWAS)) using a mi-
crowave discharge (#9 and #13 in Fig. 1). The two custom-
made atom line chambers present identical geometrical char-
acteristics (see Figs. 3 and 4): they are both pumped by 180 l/s
(for N2) turbomolecular pumps (Varian, TV 301 NAV); their
room temperature base pressure is in the high 10−10 mbar
regime (micro ion gauges, Granville-Phillips); they both are
situated under an angle of 45◦ with respect to the substrate,
both during single or simultaneous operation; a shutter is used
to separate the lines from the main chamber; and a quartz pipe
is placed after the shutter and along the path of the dissociated
beam. The nose-shaped form of the pipe is designed to effi-
ciently quench the excited electronic and ro-vibrational states
of species through collisions with the walls of the pipe before
they reach the ice sample. The geometry is designed in such a
way that this is realized through at least four wall collisions of
the atoms before leaving the pipe. In this way, “hot” species
cannot reach the ice directly.
Two separate all metal dosing lines are used to prepare
and inlet pure gasses and mixtures into each of the atom
sources (#10 and #14 in Fig. 1). The dosing lines are pre-
pumped with the same diaphragm pump that is used for evac-
uating the deposition dosing line. Each of the atom lines is
then pumped with a 70 l/s (for N2) turbomolecular pump
(Pfeiffer Vacuum, TMU 071P). The room temperature base
pressure of these lines is <1 × 10−5 mbar and is moni-
tored by means of a compact process ion gauge for each line
(Pfeiffer Vacuum, IMR 265).
1. HABS
An all metal precision leak valve is used to admit H2/D2
molecules (99.8% purity, Praxair) from the all metal dosing
line into the capillary of a well characterized and commer-
cially available thermal cracking source, a Hydrogen Atom
Beam Source (Dr. Eberl MBE-Komponenten GmbH),31–33
which is used to hydrogenate/deuterate the sample through
heating the capillary from 300 to a maximum of 2250 K by a
surrounding tungsten filament (see top box in Fig. 3). During
experiments, the H + H2 (D + D2) flow through the capillary
and the temperature of the tungsten filament are controlled
and kept constant by adjusting the all metal valve position
and the voltage of the power supply of the HABS (Delta
Elektronika, SM 7020-D). The temperature of the filament is
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FIG. 3. A schematic side view of the atom line (HABS) with the thermal cracking H/D atom source and the main chamber.
monitored by means of a C-type thermocouple placed close
to the filament and inside the internal thermal shield. To pre-
vent melting of components a water cooling system is im-
plemented into the source, in thermal contact with an exter-
nal copper thermal shield. The temperature of this shield is
controlled with a second C-type thermocouple. The HABS is
used in horizontal mode.
A wide range of atom beam fluxes is accessible with
this source by changing the pressure in the capillary pipe
and/or the temperature of the filament. Typically, values cover
a range from 1011 to 1013 atoms cm−2 s−1. Atom fluxes are
measured at the sample position in the main chamber, follow-
ing a procedure described in Sec. II E 1 (also see Refs. 17, 34,
and 35).
As aforementioned, a quartz pipe is placed along the
path of the beam (i.e., after the shutter and before the sam-
ple in the main chamber) to cool the beam to room tempera-
ture. Previous experiments with liquid nitrogen cooled atom
beams did not show any H/D-atom temperature dependence
in CO hydrogenation reaction processes compared to experi-
ments at room temperature.2 It is important to note that the
relatively high temperature of 300 K of the incident H/D
atoms in our experiments does not affect the experimental
results, since H/D atoms are thermally adjusted to the sur-
face temperature before they can react with other species
through Langmuir-Hinshelwood mechanism, as shown in
Refs. 3, 36, and 37.
2. MWAS
A Microwave Atom Source (Oxford Scientific Ltd.) is in-
cluded in the second atom line to produce beams of differ-
ent atoms and radicals (e.g., H, D, O, OH, OD, N). Figure 4
shows a schematic diagram of the MWAS. A 2.45 GHz mi-
crowave power supply (Sairem) produces up to 300 W that
is coupled into a microwave cavity. Along this path, a circu-
lator is placed to avoid that the back-reflected power enters
the power supply. A custom-made double tuner is placed
after the circulator and before the microwave cavity to min-
imize the back-reflected power that ultimately is dissipated
in a resistor. Part of the back-reflected signal is monitored
by means of an oscilloscope (Tektronix, TDS 2012) con-
nected to an attenuator and a crystal detector (Aertech Indus-
tries). An antenna (coaxial transmission line) connects the mi-
crowave cavity to a boron nitrite chamber in which gasses en-
ter through the all metal precision leak valve of the dosing line
(see top box in Fig. 4). A plasma is created in a coaxial waveg-
uide by coupling a radially symmetric 2.45 GHz microwave
field to ions on the 86 mT surface of a multi-polar magnetic
array (permanent magnets). The plasma is enhanced by the
electron cyclotron resonance (ECR) effect. A water cooling
system keeps the source and particularly the antenna close to
room temperature. Moreover, the absence of a hot filament
permits operation with most gases including reactive gases
such as oxygen and nitrogen.
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FIG. 4. A schematic side view of the atom line (MWAS) with the microwave plasma atom source and the main chamber.
A specially designed alumina aperture plate allows reac-
tive neutrals to escape from the plasma. The addition of an
ion-trap (i.e., two metal plates charged by a Oxford Scien-
tific DC power supplier) can deflect the residual ion content
from the beam, preventing ion exposure of the sample. All
the electronically and ro-vibrationally excited species com-
ing from the source are quenched through multiple collisions
on passing through a quartz pipe before they reach the sam-
ple. Different plasma cavity pressures and/or different plasma
power values give access to a wide range of atom fluxes, typi-
cally between 1010 and 1013 atoms cm−2 s−1. These numbers
depend on the dissociated species (see Sec. II E).
E. Beam flux determinations
In order to measure the absolute D-atom fluxes for HABS
and MWAS in the main chamber, the gold substrate is re-
moved and the inlet of the QMS is placed at the center of
the chamber facing the two atom lines, exactly at the same
position and with the same angle that the substrate has when
the ice is deposited and exposed to atom beam bombardment
(see also Refs. 17 and 35). Since the sensitivity of the stan-
dard 1–200 amu QMS does not allow an accurate measure-
ment at mass 1 amu, we measure the absolute D-atom fluxes
instead of the H-atom fluxes for HABS and MWAS by follow-
ing the aforementioned procedure. H-atom fluxes are then de-
rived from the H/D ratio as obtained in selected experiments
discussed in Sec. II E 1.
The other MWAS absolute atom fluxes (e.g., oxygen and
nitrogen) cannot be measured mass spectrometrically because
the background signal from the fractionated molecular species
coming from the molecular component of the beam and the
residual gas in the main chamber interferes with the signal
coming straight from the atom beam. Therefore, effective
O/N-atom fluxes are derived at the ice surface by using a new
calibration method described here for the first time and based
on measuring the formation yield of final products of barrier-
less surface reactions (see Secs. II E 2 and II E 3).
1. H/D-atom beam fluxes
The D-atom and D2 molecule fluxes for both HABS and
MWAS are measured by monitoring masses 2 and 4 amu, re-
spectively. Once the source is turned on, an increase in inten-
sity of the D atoms is monitored with the QMS. The QMS
measurements do not directly give the D-atom flux values.
However, the increase in intensity of the QMS signal, QD,
is proportional to the increase in pressure in the main cham-
ber, PD:
PD = aQD. (2)
Downloaded 29 Aug 2013 to 131.215.71.79. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://rsi.aip.org/about/rights_and_permissions
073112-7 Ioppolo et al. Rev. Sci. Instrum. 84, 073112 (2013)
FIG. 5. D-atom flux values as measured for the HABS (left panel) and the MWAS (right panel) at the substrate place for different parameter settings.
The setup specific proportionality factor a is mea-
sured from Eq. (2) by introducing in the main chamber D2
molecules instead of D atoms. The choice of D2 is given by
the fact that the factor a is independent of gas species, and
that the D-atom beam contains a significant amount of undis-
sociated D2 molecules. Therefore, an exact measurement of
PD is not trivial, while PD2 can be easily measured. The
absolute D-atom fluxes are subsequently obtained from the
following expression:
fD = cDPD〈v〉4kBT =
cDaQD〈v〉
4kBT
, (3)
where cD is the calibration factor for the pressure gauge for D
atoms taken from the specifications, 〈v〉 is the thermal veloc-
ity of the D atoms at 300 K, kB is the Boltzmann constant, and
T is the D-atom temperature. Different D-atom fluxes are ob-
tained by varying the filament temperature and/or the D2 inlet
flow with the HABS, and by changing the plasma cavity pres-
sure and/or plasma power with the MWAS. Figure 5 shows the
D-atom flux values produced by the HABS (left panel) and
by the MWAS (right panel), as measured at the substrate site
for different parameter settings. The relative error for D-atom
fluxes (HABS and MWAS) is within 10%. The absolute error
is within 50%. These errors may seem large, but it should be
noticed that here atom fluxes at the ice surface are actually
determined experimentally, whereas in previous studies these
numbers are generally only estimated.
Since an absolute H-atom flux cannot be directly mea-
sured, the comparison between H- and D-atom fluxes is dif-
ficult. We compared the H2O2 and D2O2 formation rate upon
O2 hydrogenation and deuteration, which is flux dependent,
in two identical 25 K experiments for both the HABS and the
MWAS. The H2O2 formation rate was found to be a factor
of ∼2 higher than the D2O2 formation rate for both sources.
This value confirms our previous finding in Ref. 17 and is
used here to scale H-atom fluxes with an uncertainty of 50%.
This simplistic way of measuring a scaling factor between H-
and D-atom fluxes does not however take into account that H
and D atoms can differ by (i) sticking probability onto the sur-
face, (ii) hopping rate, (iii) HO2 + H (DO2 + D) branching
ratio and reaction barrier, (iv) desorption probability, and (v)
recombination probability with other H/D atoms. Therefore, a
new method for the determination of the H-atom fluxes, based
on trapping H and D atoms inside an O2 ice matrix, is used in
a future work to determine the effective H/D-atom fluxes at
the ice surface. In brief, the reaction H + O2 → HO2 is barri-
erless under certain incoming angles in the gas phase. During
co-deposition experiments, the angle dependence has a negli-
gible physical importance since the oxygen beam provides O2
molecules with a range of different orientations at the surface
before they can align.38 Therefore, the amount of HO2 (DO2)
formed in the ice is proportional to the H- (D)-atom flux, and
gives us an estimate of the effective fluxes at the cold surface.
Preliminary results show that the trends found in Fig. 5 for the
D-atom fluxes are reproduced for the H-atom fluxes as well,
but an exact ratio between the H/D fluxes is still to be deter-
mined and will not be discussed here.
2. O-atom beam fluxes
The effective MWAS O-atom fluxes (i.e., oxygen atoms
directly involved in surface reactions) are derived by measur-
ing the final column density of newly formed ozone ice after
co-deposition of 16O atoms and 18O2 molecules at 15 K. The
reaction O2 + O → O3 is barrierless,39, 40 and therefore, we
can safely assume that most of the oxygen atoms available for
reaction on the surface will recombine to form ozone ice. Co-
deposition experiments are used in order to avoid limitations
in penetration depth of oxygen atoms into molecular oxygen
ice.
Final fluxes are calculated from the knowledge of the du-
ration of O-atom exposure, the number of monolayers of O3
formed upon reaction, and assuming 1 ML = 1015 molecules
cm−2:
fX = NX
′ × 1015
exposure time
, (4)
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where fX is the O-atom flux, and NX′ = NO3 = 16O18O18O
+ 16O16O16O in monolayers. We do not count the 16O3 con-
tribution three times because solid 16O3 is not likely to be
formed through the sequential merging of 16O atoms on the
surface of the ice. Most of the 16O2 can indeed form in
the quartz pipe through recombination of 16O atoms (see
Sec. II D 2), or it originates from a not fully dissociated beam,
mainly in the case that 16O atoms form through dissociation
of 16O2 gas molecules. The overall contribution of 16O2 orig-
inating from the atom line is considerably smaller when N2O
is used instead of 16O2 as a precursor gas to produce 16O
atoms. This can be checked by comparing the amount of 16O3
formed in the ice in co-deposition experiments of 16O (from
16O2) + 18O2 at 15 K with the amount of 16O3 formed in simi-
lar co-deposition experiments with 16O from N2O. Moreover,
the amount of 16O3 can be controlled by changing the ratio
16O/18O2. An overabundance of 18O2 minimizes the amount
of 16O3 formed in the ice because 16O atoms react mostly
with 18O2. A negligible amount of 16O3 in the co-deposition
experiments gives NO3 ≈ 16O18O18O, and therefore a more
direct and accurate O-atom flux value. This is true, especially
when 16O atoms are obtained from N2O. Finally, the non-
detection of the other ozone isotopologues (e.g., 18O16O16O,
18O16O18O, or 18O18O18O) in our experiments indicates that
isotopic exchange induced by surface destruction reactions,
like O3 + O → 2 O2, is under the detection limit. There-
fore, our method can be safely used to characterize the
O-atom beam fluxes produced by the MWAS.
To quantify the amount of ozone produced in the oxy-
gen flux-determination experiments, we derived the absorp-
tion band strength of ozone in two different ways: (i) per-
forming an isothermal desorption experiment as described in
Sec. II C (see the left panel of Fig. 6); (ii) measuring the
consumption of ozone through hydrogenation reactions and
assuming that hydrogen can penetrate only up to 2 ML of
ozone ice. In the first case, in order to determine one mono-
layer of ozone, we first produce 16O18O18O during 3 h of co-
deposition of 16O and 18O2 at 35 K. Subsequently, an isother-
mal desorption experiment is performed at 58.5 K. From the
offset between zeroth-order and first-order desorption, we es-
timate the band strength of 16O18O18O. In the second case, a
co-deposition of 16O and 18O2 at 15 K is performed for 3 h
to form again 16O18O18O. The ice is then annealed to 50 K in
order to remove the molecular oxygen and to realize a pure
ozone ice. The 16O18O18O ice is then exposed to H atoms at
15 K to monitor the destruction of the ozone layer. Assum-
ing that only ∼2 ML of ozone ice is fully hydrogenated,20
we derive the number of ozone molecules destroyed upon hy-
drogenation per monolayer, which gives us back the appar-
ent band strength for 16O18O18O. The final band strength for
ozone is confirmed within 30% of uncertainty by the two dif-
ferent methods.
To verify that 1 ML of ozone is destroyed by 1 ML of H
or D atoms (following reaction O3 + H/D → O2 + OH/OD),
and that our calibration methods used here to determine the
D/H/O/N atom fluxes lead to coherent results, we performed
a control experiment. A new co-deposition of 16O and 18O2 at
35 K is performed for 40 min to form ∼2 ML of 16O18O18O
ice. The ice is then heated up to 50 K in order to have a
layer of pure ozone ice. The 16O18O18O ice is then exposed
to D atoms at the same temperature to monitor the destruc-
tion of the ozone layer versus the time of exposure. We use D
atoms instead of H atoms, because the deuterium flux is more
accurately determined, as described before. Moreover, at
50 K secondary reaction products, like O2, will desorb with-
out reacting with D atoms and therefore leaving mainly O3 on
the surface to be processed. The right panel of Fig. 6 shows
three infrared spectra of ozone ice at different thickness in
FIG. 6. The left panel shows the isothermal desorption experiment of O3 ice at 58.5 K. The central panel shows the destruction of ∼2 ML thick O3 ice versus
the D-atom fluence at 50 K. In both left and center panels, the lines and the circle are used to guide the eye. The right panel shows selected infrared spectra of
ozone deuteration at 50 K for different ice thicknesses in the spectral range of the ν3 mode.
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TABLE I. The effective O- and N-atom fluxes as derived from the formation yields of solid species in the ice
upon barrierless reactions (see Eq. (4)).
High Dissociation rate Low Dissociation rate
Effective atom flux (atoms cm−2 s−1) (%) (atoms cm−2 s−1) (%)
16O from O2 9 × 1011 8 2 × 1011 12
16O from N2O 7 × 1011 19 1 × 1011 10
15N from 15N2 9 × 1010 0.4 . . . . . .
14N from 14N2 8 × 1010 0.4 . . . . . .
the range of the ν3 mode (see Table II). These spectra are ac-
quired during the deuteration of the ∼2 ML of 16O18O18O ice.
The central panel of Fig. 6 shows the integrated absorbance of
16O18O18O versus the D-atom fluence. The left panel shows
the aforementioned isothermal desorption experiment of O3
ice at 58.5 K used to identify the integrated absorbance of
solid O3 that corresponds to 1 ML of thickness. From the
knowledge of the ozone apparent band strength and the data
shown in the central panel of Fig. 6, we derive that 1 ML of
O3 is consumed by ∼1.5 ML of D atoms, which is within
the experimental uncertainties of apparent band strength and
D-atom flux determination.
The 16O3 apparent band strength is obtained from the
available data for 16O18O18O for our setup and the ra-
tio between the transmission band strengths for 16O3 and
16O18O18O (for the transmission band strength values see
Ref. 41). According to Eq. (4) standard O-atom fluxes span
in the range between 1011 and 1012 atoms cm−2 s−1. The
O-atom flux values shown in Table I have to be considered
as lower limits because (i) fluxes are derived indirectly (ef-
fective fluxes), (ii) some of the 16O can recombine on the
surface of the ice, and (iii) 16O2 can potentially not be fur-
ther oxygenated to form ozone because it is trapped into the
18O2 matrix. The dissociation rates shown in Table I are ob-
tained by comparing the undissociated molecular component
of the beam (i.e., N2O, O2, N2) measured mass spectromet-
rically (i.e., with the atom source on and the QMS placed at
the center of the main chamber) with the O- and N-atom flux
values as derived in Secs. II E 2 and II E 3, respectively.
3. N-atom beam fluxes
As for the MWAS O-atom fluxes, the determination of
effective nitrogen-atom fluxes is obtained indirectly by mea-
suring the final column density of newly formed dinitrogen
trioxide (N2O3) ice after co-deposition of 15N atoms and NO
molecules at 15 K. In this particular experiment, a sequence of
barrierless (or very low barrier) surface reactions is involved
in the formation of N2O3:39, 42, 43 N + NO → N2 + O, NO
+ O → NO2, and NO2 + NO → N2O3. Therefore, in this
specific case, N-atom fluxes are directly proportional to the
amount of N2O3 formed in the ice, and are determined by us-
ing Eq. (4), where fX is the N-atom flux, and NX′ = NN2O3
which is the amount of monolayers of N2O3 formed in the ice
after a certain time of N-atom exposure.
As in Sec. II E 2, we use two different methods to ob-
tain the apparent N2O3 band strength. In particular, two new
co-deposition experiments of NO and O2 are performed at
15 K. Also in this case N2O3 is formed through surface re-
actions. The ice obtained from these two experiments is in
both cases heated up to remove the NO trapped in the ice.
In one of the two experiments, the ice temperature is then
kept at 121 K to monitor the desorption of N2O3 (isothermal
desorption experiment). From this experiment we obtain the
band strength for N2O3, as discussed in Sec. II. In the sec-
ond experiment, the ice is cooled down again to 15 K and
subsequently hydrogenated to see the destruction of N2O3.
The penetration depth of hydrogen into N2O3 ice is expected
to involve only a few monolayers, as for O3, CO, and NO
ice.3, 20, 24 Therefore, assuming that only ∼2 ML of N2O3 are
consumed by the surface hydrogenation of the ice, we can
estimate the band strength of N2O3 which is found to be con-
sistent with the value obtained from the isothermal desorption
experiment within 40% of uncertainty.
The N-atom flux values are roughly one order of magni-
tude lower than the O-atom values (see Table I). As explained
in Sec. II E 2, these values are all lower limits, because of
the way the fluxes are derived. In the specific case of nitro-
gen fluxes, the formation of N2O3 is a three-step reaction, and
therefore the single reactant can further react with the oth-
ers to form N2O3, or alternatively desorb, or be trapped in a
NO matrix. Therefore, we expect the O- and N-atom absolute
fluxes to be higher than reported in Table I.
III. EXPERIMENTAL RESULTS
In this section, we present the first science results ob-
tained with SURFRESIDE2 in order to demonstrate its per-
formance and to illustrate the potential of the experimental
setup. Figure 7 shows the IR spectrum of 13CO co-deposited
with oxygen and hydrogen atoms on a 13.5 K gold substrate
(13CO + O + H). This spectrum is compared to co-deposition
spectra of 13CO and oxygen atoms (13CO + O); 13CO and hy-
drogen atoms (13CO + H); and oxygen atoms and hydrogen
atoms (O + H). In all four experiments, oxygen atoms are
produced by the MWAS, while hydrogen atoms are formed
by the HABS. The 13CO deposition rate (0.0075 ML s−1) as
well as O- and H-atom fluxes (1 × 1011 and 1 × 1013 atoms
cm−2 s−1, respectively) are kept the same in all the experi-
ments and the spectra shown in Fig. 7 are all acquired after 45
min of co-deposition. As discussed in Sec. II E, the O-atom
flux value is an effective flux at the ice surface, while the H-
atom flux is scaled from the absolute D-atom flux value which
is probably higher than the effective flux at the cold surface.
Therefore, for instance, the H/O ratio presented below has to
be considered as an upper limit for H atoms. Oxygen atoms
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FIG. 7. RAIR co-deposition spectra of 13CO, O-, and H-atoms on a 13.5 K gold substrate (top spectrum in main panel, 13CO + O + H); 13CO and O-atoms
(second spectrum from the top, 13CO + O); 13CO and H-atoms (third spectrum from the top, 13CO + H); and O- and H-atoms (bottom spectrum, O + H). The
inset shows the 13CO2 stretching mode region for all four experiments.
are obtained by dissociating N2O in the microwave atom
source. This explains the presence of nitrogen-bearing species
in the ice when the O-atom beam line is used (see Fig. 7 and
Table II).
TABLE II. Assigned infrared features with their corresponding references.
Position/cm−1 Species Mode References
1040 O3 ν3 44–46
1162 H132 CO ν4 47
1167 N2O 2ν2 48 and 49
1240 H132 CO ν6 47
1260 N2O4 ν11 50
1289 N2O ν1 48, 49, and 51
1304 N2O3 ν3 52 and 53
1497 H132 CO ν3 47
1612 NO2/N2O3 ν3/ν2 51 and 52/52 and 53
1630 H2O ν2 54
1694 H132 CO ν2 47
1737 t-(NO)2/N2O4 ν1/ν9 52/50
1766 c-(NO)2/N2O4 ν5/ν9 52 and 55/50
1833 X-NO 24
1850 N2O3 ν1 52 and 53
1864 c-(NO)2 ν1 52 and 55
1872 NO (monomer) ν1 50, 52, and 55
1888 N2O ν1+ν2 49 and 48
2039 13C18O ν1 12
2066 13C17O ν1 12
2096 13CO ν1 56
2139 CO ν1 57
2235 N2O ν3 48, 49, and 51
2278 13CO2 ν3 58
The aforementioned experiments demonstrate the advan-
tage of having a double atom beam line when investigating
surface atom addition reactions. The choice of using one or
both atom lines allows us to select, investigate, compare, and
combine different reaction channels. For instance, in order to
better interpret results from the simultaneous hydrogenation
and oxygenation of solid CO, it is necessary to first distin-
guish the single contributions of the different reaction chan-
nels, i.e., O + H, CO + H, and CO + O:
 The O + H spectrum in Fig. 7 shows the presence
of N2O from the not fully (N2O) dissociated O-atom
beam. The amount of water formed in this experiment
is around the detection limit, while H2O2 is below
the detection limit. The limiting factor on the produc-
tion of water ice is the number of O atoms available
to react with the H atoms on the cold surface (H/O
∼ 100). After 45 min of co-addition of O and H atoms,
only 0.2 ML of water can be formed assuming that all
the oxygen available will react to form water. Surface
formation of water ice through the hydrogenation of
O/O2/O3 has been the object of many recent physical-
chemical and astrochemical relevant studies,4–7, 17–20, 38
and is not extensively discussed in this paper again.
 Formaldehyde is clearly present in the 13CO + H spec-
trum (Fig. 7), whereas methanol is not. As previously
shown,2, 3 formaldehyde and methanol are the main
final products of solid CO hydrogenation. However,
methanol is under the detection limit in the experi-
ment shown in Fig. 7 because of the low penetration
depth (∼4 ML) of hydrogen atoms into a CO ice,3 as
well as a comparable abundance of CO with respect to
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hydrogen atoms (CO/H ∼ 0.75). The amount of hydro-
gen atoms available to react with CO molecules is fur-
ther lowered by the molecular hydrogen recombination
on the surface. Therefore, the newly formed H2CO ice
is not further hydrogenated under these experimental
conditions. For other conditions (see Ref. 3) it does.
 The 13CO + O spectrum in Fig. 7 is the richest in
absorption features due to N-bearing molecules, such
as N2O, NO2, N2O3, (NO)2 dimer, and NO monomer.
These species are either coming from the not fully dis-
sociated O-atom beam or are formed through surface
oxygenation of other N-bearing species. Alternatively,
O atoms recombine in the ice with each other to form
O2 and O3, or react with CO to form carbon dioxide.
 The surface reaction products present in the 13CO
+ O + H spectrum (Fig. 7) come from the single iso-
lated aforementioned reaction routes as well as from
the interaction of different reaction products with each
other. Ozone, methanol, and hydrogen peroxide are un-
der the detection limit, while water ice is slightly above
it. Formaldehyde and mostly carbon dioxide are visi-
ble in the spectrum. The only nitrogen-bearing species
clearly present in the ice is N2O. In the 13CO + O
+ H experiment, the final column density of solid
13CO2 is ten times higher than in the case of the 13CO
+ O experiment (see the inset in Fig. 7).
The focus of the following section is on the formation
of solid carbon dioxide at low temperatures through surface
reactions induced by non-energetic processing. The chemical
origin of solid CO2 as observed in our experiments is subse-
quently discussed and placed in an astronomical context.
A. Astrochemical implications
It is generally accepted that due to its low gas-phase
abundance (COgas2 /COice2 	 1),59, 60 carbon dioxide is formed
in the solid phase in the interstellar medium on the surface of
icy dust grains (10–20 K) through surface reactions involv-
ing energetic (e.g., UV photolysis, cosmic rays irradiation,
thermal processing) and non-energetic processing (e.g., atom
bombardment). Solid CO is the CO2 precursor that has been
mostly studied in the literature. The most cited surface reac-
tion routes involving solid CO are
CO + O → CO2, (5)
HCO + O → CO2 + H, (6)
CO + OH → CO2 + H. (7)
These reaction routes can be activated by both energetic
and non-energetic processing. For instance, solid CO2 can
form from the interaction of energetic photons/ions and pure
CO molecules or CO-bearing mixtures.12, 13, 61–68 Solid CO2
can, however, also be formed through photolysis/radiolysis of
amorphous carbon capped with a layer of water or oxygen
ice.15, 69–72
In space, thermal atom-addition induced chemistry is
more dominant in quiescent cold interstellar regions, where
newly formed species are protected from radiation to a great
extent by dust particles. In these regions, solid CO2 can
form through reactions (5)–(7). Reaction (5) has been in-
vestigated experimentally in Refs. 14, 73, and 74. Raut and
Baragiola14 showed that CO2 forms in small quantities during
co-deposition of CO and cooled O atoms and O2 molecules
into thin films at 20 K. The reason for the low CO2 yield is that
O atoms react preferentially with O to form O2, and with O2 to
form O3. The latter experimental findings, also supported by
theoretical studies,75 indicate that the surface reaction (5) has
a barrier (∼2000 K in the gas phase).76 Moreover, Goumans
and Andersson77 showed that although tunnelling increases
the surface reaction rate for reaction O(3P) + CO at low tem-
peratures, the onset of tunnelling is at too low temperatures
for the reaction to significantly contribute to the formation of
solid CO2 under interstellar conditions. Therefore, reaction
(5) is not an efficient CO2 formation pathway unless ener-
getic processing is involved. Our laboratory results from the
CO + O experiment (Fig. 7) show indeed a more efficient pro-
duction of ozone compared to carbon dioxide at 13.5 K, and
are consistent with previous findings.
Solid CO2 can also form through reaction (6),78 which
is experimentally challenging to investigate in the solid phase
because other CO2 formation reaction routes will compete.
Moreover, when the H/O ratio is in favor of H atoms, the
hydrogenation of CO ice will convert most of the HCO in
formaldehyde and methanol. Therefore, this route is negligi-
ble under our experimental conditions, and we will further not
consider it in our discussion.
Alternatively, solid CO2 can be formed through reaction
(7), which yields a HOCO intermediate. This complex can di-
rectly dissociate, forming solid CO2 and leaving a H atom,
or can be stabilized by intramolecular energy transfer to the
ice surface and eventually react with an incoming H atom in a
barrierless manner to form CO2 and H2 or other products with
a purely statistical branching ratio as theoretically shown by
Ref. 79. Recently, several independent experimental studies
showed that reaction (7) is an efficient surface CO2 forma-
tion channel without need for an energetic input.8–10 In ear-
lier work,9 we demonstrated with a one beam line system the
formation of CO2 at low temperatures through reaction (7) by
hydrogenation of a CO:O2 binary ice mixture. In that case, we
used a single H-atom beam line. Here, we are able to compare
reactions (5) and (7) under the same experimental conditions
by using two atom beam lines.
Reactions (5)–(7) have never been experimentally com-
pared with each other before under the same laboratory con-
ditions. So far, only theoretical work investigated these sur-
face reactions within a larger astrochemical reaction network.
For instance, Garrod and Pauly80 studied in their three-
phase (gas/surface/mantle) astrochemical model the for-
mation and evolution of interstellar dust-grain ices un-
der dark-cloud conditions, with a particular emphasis on
CO2. By including reactions (5)–(7) in their reaction net-
work, they were able to reproduce the observed behavior
of CO2, CO, and water ice in the interstellar medium. Fur-
thermore, reaction (7) was found to be efficient enough
to account for the observed CO2 ice production in dark
clouds.
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Our experimental results confirm the conclusions found
in Ref. 80. The 13CO2 formed in the 13CO + O + H exper-
iment is ten times more abundant than the 13CO2 formed in
the 13CO + O experiment. In the 13CO + O + H experiment,
solid 13CO2 is mainly formed through the HOCO intermedi-
ate. Under these experimental conditions, all the O atoms will
indeed react in a barrierless way with H atoms to form hy-
droxyl radicals that will either react with another H atom to
form H2O, or will react with 13CO to form 13CO2. The non-
detection of ozone and other N-bearing products formed in
the ice is due to the overabundance of H atoms, and confirms
that O atoms are all used-up to form OH radicals. Moreover,
the presence of formaldehyde in the ice indicates that H atoms
are overabundant with respect to O atoms. Solid HCOOH and
H2CO3 are under the detection limit. The non-detection of
these two species that are formed through the hydrogenation
of the HOCO complex and the reaction of the latter with the
hydroxyl radical, respectively,11, 81 indicates that the HOCO
complex is efficiently dissociated in CO2 + H under our ex-
perimental conditions.
The fact that the 13CO2 formed in the 13CO + O + H ex-
periment is ten times more abundant than the 13CO2 formed
in the 13CO + O experiment indicates that reaction (7) has a
lower activation barrier and is faster than reaction (5). Chang
and Herbst82 investigated the surface reaction CO + O + H
among others by means of a unified microscopic-macroscopic
Monte Carlo simulation of gas-grain chemistry in cold in-
terstellar clouds in which both the gas-phase and the grain-
surface chemistry are simulated by a stochastic technique. In
their model, solid CO2 is produced mainly by reaction (7),
which occurs by a so-called “chain reaction mechanism,” in
which a H atom first combines with an O atom lying above
a CO molecule, so that the OH does not need to undergo
horizontal diffusion to react with CO. Their CO2 calculated
abundances are in good agreement with observations.26 More-
over, this scenario is not far from our experimental conditions,
where O and H atoms meet to form OH radicals that then fur-
ther react with neighboring CO molecules to form CO2. This
shows that SURFRESIDE2 is suited to investigate astrochem-
ical relevant surface reaction networks. Chang and Herbst82
finally suggested that the solid CO formed in early cold cloud
stages via accretion and surface reactions is mainly converted
into CO2 through reaction (7). This makes reaction (7) to
be most likely the main non-energetic CO2 formation route
under early cold cloud conditions, where H atoms are or-
ders of magnitude more abundant than O atoms.83 Chang and
Herbst82 also suggested that the conversion of CO into CO2
becomes inefficient at later times, where, for the low-mass
Young Stellar Object (YSO) case, there can be a high abun-
dance of almost pure CO, with some conversion to formalde-
hyde and methanol. Under these conditions, solid CO2 can
still be formed via energetic processing.68
IV. CONCLUSIONS
We have presented a novel and versatile UHV setup de-
signed for the quantitative investigation of interstellar relevant
surface processes under fully controlled conditions. The sys-
tem implements a main chamber and two atom beam lines.
Molecules are deposited in the main chamber onto a cold gold
substrate, able to reproduce interstellar dense cloud tempera-
tures and ice thicknesses. The ice is monitored with a FTIR
spectrometer, while gas phase species present in the chamber
are monitored with a QMS. As for interstellar ices in dense
cloud conditions, laboratory ices are exposed to (H/D/O/N)
atom beam fluxes. These are accurately determined using
a chemical calibration procedure. The choice of using one
or both atom lines sequentially or at the same time allows
us to characterize interstellar relevant reaction channels in a
bottom-up approach. In particular, the design of the system
is suited for the isolation of single surface reaction channels
and the comparison of their efficiency with those of other sur-
face reactions that lead to the same final products. Here we
demonstrate the potential of the system by studying the effi-
ciency of solid CO2 formation through surface reactions in-
duced by atom addition. We find that under the same exper-
imental conditions CO2 is formed through the reaction CO
+ OH more efficiently than through the reaction CO + O.
Our results are in good agreement with the most recent as-
trochemical models and observations,26, 82 and therefore show
that SURFRESIDE2 has the potential to solve important ques-
tions within the field of astrochemistry.
The results that we present here illustrate only one
of the possible applications of SURFRESIDE2. This sys-
tem will indeed shine light on several other unresolved top-
ics in astrochemistry, such as the competition between hy-
drogenation and deuteration of interstellar relevant species
linking planetary H/D abundances to interstellar processes.
SURFRESIDE2 is ultimately designed to study the surface
formation of complex organic molecules (COMs), sugars, and
amino-acids under interstellar relevant conditions by sequen-
tial or co-addition of the different reactive components of
those species onto the cold substrate. The use of a double
beam line system is essential to achieve this aim. The fu-
ture implementation of these and similar experimental results
into astrochemical models that take into account astronomical
fluxes and timescales as well as energetic and non-energetic
processes is needed to understand the pathways that lead to
molecular complexity in space.
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